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Abstract

The thermal decompostiion of Nafion N117 membrane, a typical perfleorosulionic acid mensbrane that 1 wideby used 1 various chenucal tectmodogies, wa
investigated in this stady. Stmemiral ideatification of thermalvsts products inowater and methanol was performed ustng Ligquid chromatopraphy-electrospray
wntzabon-tandem mass spectrometry (LOESI-MEMS). The fluonde release was studied using an ion-chromatography system, amd the membrane thermal
stability was characterized by thermogravumetric snalvers. MNotably, several types of perfluonimated compounds {PFCs) including perfluorocarboxyvhie acide
were detecied and identified. Based on these data, a thermolvsis mechamism was proposed invobring cleavage of both the polymer backbone and s side
chams by aftack of radical species. Thus is the first svatematic report on the thermalbvas products of Mafion by ssnulating i lngh-temperature operation and
dispozal process via memeration. The results of this study mdicate that Nafion 1 a potential enviromsental source of PFCs, which have attracted prowmg
inferest and concern 10 recent vears. Additionally, this study provides an anslytical justification of the LC/ESI-MSMS method for charactenizing the
degradation producis of polvmer electrolyvie membranes. These identifications can substantially facilitate an woderstandiog of their decomposition
miechamisms and offer insight into the proper utilization and effective management on these membranes.
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Introduction

In recent decades, polymer elecirolyte membranes (PEMs) have played zm mereasmgly important rofe 10 numerous areas of chemieal, bislogical and

engmeering applications, such as fuel cells, electrodialvzers and sensors™. In particular, PEM fuel cells, 8 promasing zero-enussinn power source, have bee
extensively mvestigated owing to thetr great potential i supplving ensrey to automobdles, for stalionary power gensration and i poriable electromc

est. P
condittons™ As a typreal perflucreosulfore acid {PFSA) membrane. Nafion consists of a polvtewraftuoroethylens (PTFE) backbone with
perflucocalkyiether pendant chams termisating 1o sulfonic acid groups. Mafion has been wadely emploved 1 fusl cells because of is high proton

o

devic

wvious research has shown that eell performancs and liferme were closely selated 1o the charactensstics of PEMSs az ghserved nnder operating

conductrvst Eor}d cinmniczﬂ stﬂbﬂm’ and high mechamscal sirength®=* Recently, studies heve pronanly focused on #is chemical degradation 1n fuel

atnd 1ts use 1n the repuval of environmental pollmmus-’ {1 particular, the chepucal degradation of
Nafion 1 PEM fuel cells can 1argaif,- &tmma‘ce cell performance and durabelity with decompostizon mechenisms consistently attributed 1o the chemical

attack by trace radical specizs such as hydroxyl radicaly’

In view of the increasing use of Nafion in various chemica] fechnologies, # is wnportant to establish waste treatment techaiques for this PEM. As supgested
by the mannfacturer (DuPomt), incineration s one of the current approaches for Nafion {iispo-xai&.. According to the “race chemistries of fire” hypothests
proposed by Crumomet and Townsend™, almost afl processes of combustion are incomplete and can cause the formation of a broad set of chemical products
Thas viewpoimnt can also be applied to thermolyux processes, ofwhich munerous products are commonly generated and are lighly mfhienced by operating

conditions, such as oxvgen supply and temperatuce programming™. Several studies have shown that the thermolyais of PTFE fluorogolvmer can produce a

vartety of perfluonnated compounds (PFCs), such as environmentallv persistent perflusrocarboxyhic scids (PFCALY. These chenucals have moreasingly

. Given the PTE.

attracted worldwidz conceras due 1o their persistence in environmental matrices and potential negative impacts on living organisnis
backbone i MNaflon, 1t 1 reasonable to assuge: that some sorntlar products can also be generated whes 1t 13 thermally treated. Liguad
chrometographyelectrospray ionization tandem msass spectrometry {LCESL-BSMSY has been tecognized as a powerful snalyiical tool for the precise
dentifica 'on af multiple components. In general, this method combines the high chmmamampinc resolution of LC with the high specifictty and sensitivaty
of B{ENE and to wdeatfy
perflucrooctancis acid (PFOA), a PFCA analogue of vital smportance, relzased from commercial cookwars under operating conditfons™ . Unfortunately,
fsitle = known regarding the compositional analyzis and stretural identification of Nafion thermualysis products using this method.

. Notably, this method has been used to characternize the decomposition prodocts of a specific PEM w fuel call water:

In the present work, we report on the thermolvsis products of Mafion NI11 . a typical PESA membrane, absorbed s water and methanol using a
LOESI-MSAS screening method. The release of o ions dermg PEM thermolysis was studied with an ion-chromatography svstem. Additionally, thermal
stabaility was charactenized by thermogravametnie analysis {TGA)Y. The cbysctives of this study were to myvestigate the possibie production of environmentall
significant PECs generated via N117 theomolysis and to propose thermal degradation mechanisms based on key products observed m previous studies and
addrtinnat products detected in this work. To the best of our knowledge, this study 1s the first to report not only on the spplication of a LO/ESEMEMS
method o characterize the thermolyais products of Nafton membrane but also on the potential wopacts of #s incineration or high-temperature operatton. Tt o
also noteworthy that the latter could potentially cause the releass of PFC speries that could contribute to environmental pollution and deterioration of
membrane performance.

Figure ! Chemicald structure of Nafion MN117 membrane.
Figy

Resulis

Thermegravametric analysis

The TGA curve of M117 following iicreasing temperatures 1s shown in Fig [ and i accompamrﬂd by enhanced presentations of certain transitions. Thres
TG

miain stages were obszrved with their ternperature ranges recorded at 73— ZUL@Q*C P50, and 420-600°C.

Figure 2: TGA curve of N117 membrane under nitrogen atmosphere (heating rate: 20°C min™).

Characterization of the thermolysis products of N117

The total ion current {TIC) chromatograrm of NaOH absorption sohtion is dlusirated 1a ¥ . The p‘a.k assigrments of some products are listed tn
with thesr proposed structures, retention tiunes, signal intensity and MB charactenstics. As shown m ¥ 5, there were many clromatograghic peaks in the
TIC. Bpecifically, deviations of SOn{n =1, 2.3, .} between the »ez values of ceniain products correspond to the “CF:” unit. After peak classificarion, four
gronps of chemical analogues were characterized in the Na(OH absorption solubion

Figure 3: Total ion current (TI() chromatograms of NaOH (a) aud methanol {b} absorption solutions showing the various thermelysis
products of N117, which were anabyzed by LOTOF-MS in 2 negative ion miode.

N

The peaks of some representative m/z vahses histed i Table | and 3 were highhighted in red.
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Fable 1: Peak assignments of different thermolysis products of N117 in NatOH absorpiion selution.
Full able

Group 1, represented by an's 112 9870 and 412 9638 was tentatively identified as the PFCA analosues with the peneral structure of OF {CF,CO07. This
structure was proposed according to thew major MSMS fragments (68 9953 and 45 0005 for mz 112 9870; 36897 59_. 2189851 and 168 9835 for i

412 9658}, while the structures of some representative st values are shown m Table 7 To fuher validate the peneration of PFCAs, several produrts wers
suivected to the MEMS snabysis and compared with thew possible standards. As shown i Sepplementary Fi
obeerved between these products and their standards. Additionally, based on some represeatative syt values, group 2 (s 394 97880, 344 9698}, 3 (mz
4349921, 324 D636} and 4 (/s 3389692, 388 9697) were also detectad and largely classified into three different chemical analogues. Their respective
strucres were ambiguously propossd as CE{CFRCHFCOOD, CPCFLCF = CR(CE 5000 and CFJYCF L CFCOOHCOO according to their major
MEMS fzoments. In additicn, these structiures were further confirmed with muner discrepancies between the observed and caleulated mez value ‘

%1 online, pood agreement was conm}s:mlx

Table 2: The proposed chemical structures of some representative me'y values detected in this study, and their possible cleavage sites
{highlighted in red).

Addittonally, two deprotonated molecular [M-H] 1oms at #s 269624 and 1309619 comrzsponded to the structores of HS(y ™ and CHE; 50~ Thewr
ulentifications were confirmed by comparsson with the N117 struchere and the observed MS/MS fragments (79 9598 and 799590, T 1, corresponding
the loss of ann OH unit [”y{ H 17} and a CHF; unit [M-H 3517, respectively. In addition, sulfate ions (SOg %, togethar with B toms, were also detected in
the IT {see Suppdemeuion 52 narhiney, with thew mdiidual retention tunes ab §.833 and 3.037 man. Funther validation was performed by companing
these data with the IC p&aks of NaF (20mg L3 apd MNae80s {20mg LY

The TIC chromatogran: of W117 thermobysis products absorbed with methanol = .' Fig b and the; izinents of some products are presente
» 3. Thetr pogsible structires were ambaguously propossd based on the x
atues for each group (230 9847, 256 9848 for group 4; 222 9848, 33296721 for Zroug *) 4 9934 537 9894 for group §; 340 9923, 390 0877 for prow
7 I3R.9915 208 9867 for group R). The detailed interpretations on the MEMS Fagnents of five reprezentative PEC anslogues and the other products are
ﬁiunt{ﬁt“é e Supplsmeniary Frg, 83 and Fig 54 online, respectivelyv. As for the formation of PFUA products, different anabeowes m NaOH and methanol
abseorpticn solutions and extracted ion chrometograms (BEIC) corresponding to the deprotonated molecular on IM-HY of PFOA (ms 41297 are presented
¥ Motably, PFCAz with dufferent chamn lengths were commonty found, although thew presance vaned between the two different extraction solvents.

51 online} of twa remm-ema v

Table 3: Peak assignments of different thermolysis products of NEET in methanol absorption solution.

b

Figure 4: LOVESEMSAS analvsis of the PFCA analogues (U F ., CO0H, n = 1-18) in XaOH and methanol absorption solutions {a),
and extracted ion chrematograms {EIC) corresponding to the deprotonated molecudar ton [M-HI of PFOA (pe'y 412.97) in NaOH (h)
and methanel {c} absorpiion soletions.

Figure 4

Discussion

To becone commerciatized in vanous chemueal apphcamms Naflon-related technologies such as PEM fasl cells nypst be able to fonction within 5 wide
temperature range and snder temperature cyvcling conditions”. Currently, a number of studies have been conducted to design fiel cells that can operate abov
100°C 1o enhance electrochemiral lunetics, sunplify cocling systems, facilitate water management, and mmprove system CO tolerance~>~ Howevar,
operation of these fuel cells for an extended time 2t high temperaturss can accelerate membrane degradation and mevitably leads to concerns regarding the
thermal stability and response of the Nafion slectrolyte. Furthermore, the waste disposal of Nafion components via ixcineration may produce undestrable
thermal decomposibon products. Thus, the current study was conducted to svstematically mvestigate the thermaolveis of Nafion membranes by TGA,

LCESINSAS and IC analvsis.

Cwrrently, TGA has been comumonty utihized as an effectrve tool for stodving the thermolvsis of chennical Specifically, the thermal stabality of FESA
membranes (g.g., Nafion) has been previcushy studied by this method Thas study has consistently shown three stages of thermal degradation 1o Nafion
These stages coorespond to the loss of water, the cleavage of C-8 bc«ncﬁ anued the dee ompusitian of ih# perﬁu&rir*ated mab'i‘i wapﬂcti\*h In the g}rfs%it
research, these three stages were also observed during oA
detaled analvais of the thermal decomposition process of f\ 11758 prc&r:med in the ialiou g :e»tmﬂs,

To better analvze the possible thermokbyvsts products of W117, twe different solvents were used m pafaﬂwl for the products absorphion. The two solvents were
water [polarity index (P = 9, dipole moment {DA = 1 85}, with MNaOH dissolved i it and methanol {(P= 31, DM = 1. 7, thus vielding two different
absorpticn solutions. In a recent study, Kaur ot al = adopted five different extraction solbvents of various polarity or “extraction strengths” to initiate the
chemical characterization of the combustion products of chilorogenie aced. Furthermore, several previous studies have also weed water andfor methano] to
extract PFOA from PTFE ﬂuempol};mﬁ: and the surface of commercial cooloware™ . Tn our study, more thermolysis products were detected 1o snethanol
than those i MaOH solution, whach mav be atiributed to the higher extraction sirength of methancl.

Among these thermolysis products, several new bonds, such as T-H, €= 0 and C = C, were iniroduced sto the proposed structures when compared to the
N . 1558
strociure of W17, Genseally, these bonds have been reported 1o exist in the main cham of Mafton as undesired byproducts of the manufacturing process™

O the other hand, Danilerule et a1 % reported the formation of C-H and € = O boads during MWafion degradation in the fuel cell by 2D speciral-spanal FTIR
Additronally, the formation of C= C bonds has been suggested experumentally and theoretically in alkaline treated polyvinvhidens flunnide (PVDF)

membrane” his may be equally applied to Nafion thesmolysis grven ther structural sionlarity. Bydroxy] groups wers partially incorporated mto N117Y

thermolvsis products, contributing to their structural diversity. In 2 previous study, hvdrosyd sroups were also observed in PVDF membranes treated with
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atkaline solutions”

Notably, in this wark, PFCA analogues of chain lengths ranming from C; to O were readily observed during thermolyais. In the recent past, PFFCAs

have been ubiguitously detected and characterized as persisteat, bicaccumulstive, and toxic (PBT) poliutamts Thus, mereasusg attention has bean
focused on understanding the behavior and fate of these analogues m mnluple envivorvmental matnices. In an effort to reduce the environmental impact of

PFCA analogues, systematic studies are required o elucidate their potential environmental sources. Previous studies have suggested that PFCA emission

during manufactuning had the grestest environmestal impac Mearwhile, the formation of PFCAs from some potential precursors such a3 flucrotelome

atochols®, polyfhroroaliodt phospha‘ﬁs-‘}* and polyfinormated amides™ has also been confirmed. The current study suggests that the ﬂhmmal};sh pm-cess of
N117 could also be a poiential envivommental source of PFCAs, as vahdated by companing the MEDMS data agamst standards (see Sopplensn Yy 3%
onlme}. Spectfically, triflvoroacetic acid (TRA) was detected as the magor analogue. Additionally, the amonn: of long-cham PFCAs {n = B) was muﬂd to

- TEA, one of the mayor
Netahh
They have been regarded as vPvB chemicals {very persistent
Together with PFOA they were mncluded m the Candidat:

decrease with the mtreasmg chain Jengths. These observations coincided well vath the prodaoct compposition of PTFR thermolys

polintants m rawnw ater™, hims also been observed in fael cell depradation tests™ and MNafion degradanion in suberitseal water with zevovalent metats®
Irrg-chain PFOAS hay :
and very broaccumulative) due to theyr degradation resistance and high acoumulation potentials
List of Substances of Very High Concern under the European chemical regulation, REACH™.

ganed specific mtersst by some global regulatory communities

In addiiion to several proups of chemical analogues, CHF280:™ and 504 were also observed as two sinyele prodocts during W117 thermolvsts. Specifically,
the formation of CHF;SO: was also found i MNafion degradation using zerovalent metals in swheritical water®, suggesting the possible linkage of its pendas

cham. Previous research on Nafion degradation has also mdicated the generation of SO.f and F~ 1ons whether under in it (fuel cell operation) or ox sity

. Becemilv, Yueta

(Fenton test} condifions™ sing quantum mechanical calculations, proposed two mechanisms for OH attack on Nafion polvmer
that aIso wnvohred the formaation of these two jons. Notabdy, 8007 and ¥ tons were observed by solution analvsis of Nafion after being heated at 433 K for

1R . whach 15 consistent with results from the current study on N117 thermal decomposition.

B is noteworthy to mention that in this study several different thermolysis products, sspecially the BFCs, were detected and idemtifiad after the solution
anatysis. These new-found substances mav also be generated uader the high-temperature condittons found dunag the operation of PEM fuel cells, and they
have the potential to wnpact cell performance and hifetinie. Regarding the research ho focus on exrending the cell duralubity, the possible effects mduce
by these products should be systematically evaluated and effectively avoided. Addittonally, 1 13 well established that PFCs, such as those produoced during
Nafion disposal, will ssgmficantly contribuie to poliution on a global srale. In addition to the PECAs, several previousty wreponted PEFUs such as groups 3-
were also observed as the theomelysis products of Nafion fluoropolymer. Moreover, some long-cham PFCs, which have been reporiad to be more

binaccumulative than short-cham emniogues- wers also found mn thes oyvestigation. Although most efforts thus far have focused on PFCAs, it e also of
vital #nportance to azsess and naderstand the envircumental disposition and toxicity of 3ome other PFCs.

Drespite the increasing swerest mn elucidating the chemical degradation of Mafion {see Buppls =3, @ hmited ameount of research has beea

conducted to systematically soderstand the possible mechanisms of Mafton thermolyais. In this a’hjd\ a med’mmam was tentatrvely proposed as wvolving 1f
cleavage of both polvmer backbone and its side chams by attack of radical spectes. Sammns =t al > and Wille 2t al.
mechanism of Nafion at higher temperatures that inchided an initial £-8 bond cleavage to vield sulphur dioxide, OF radicai& and a carbon-hased radical b

proposed a therma! degradstion

owr work, a variety of thermolysis products of 117 were identified. Relevant to the PFCA analogues generated, Ellis et at¥ reponed zeversl pathavays in
the thermal decomposition of PTFR polymer that mmvolved the formation of carbenrs radicals, longer-chain diradicals, and a series of reactions with other
species. These proposed pathways may also be adapted to NI themmolvais grven the shared PTEE backbone. Alternately, € = C bonds m the products ma

form from an attack of OH radicals on the uvnmtentionally introduced C-H defects present in the mawm chaing {eg 13 In addition, the commpun detectior
of H3Qy ™ and CHF:8O0y™ in different absorption solutions indicated cleavage of the Nafion side chain. The formation of these specizs was also found

accompanying chemical degradatio - In genersd, thermally produced radicals can react with the pendant chain under high temperatures, leading to the

production of "CR{CE0C,Fe30: . This species has also been reported in Nafion degradation using zerovalent metals in suberitical water®. Subsequent to #

producticn, this radical can be cleaved to generate CFCOF, and further hyvdrolysad to form TFA (eq 2-34

Recently, radical resctions mvolvimg the Nafion side chain have been theoretically confumed by fromtier orbital theary™. In this study, the calealated ughe:
oocupted molecular orbuial (HOMO) and lowest wnoccupted molecnlar orbital (LUMO) showed a wide distrabution of the electron clond around the side
chain This phenomenon may also indicate potential reaction sites preferred by radicals generated doring W117 thermolysts. Although detailed mechanisms
spectes, such as CHF280: | remain vaclear, the obtained results regarding these thermolysis products can help to slucidate 2 more
wrvestigations also nilized the LOESIMEMS method to determine the degradation
products of sulfonated polvarviether membrane m foel cell water™*. Together with the current work, these studses collecuvely 1ndicate the potential this
method has for characterizing the products of PEM decomposition, which mav be triggered by attack of radical species generated under realistic operating
conditions.

on the formation of scme
accurate mechanism of Nafton thermal degradation. Recently, tw

Conclusions

The thermal degradation of Mafion was investigated by mimdcking the conditions of high-temperature operation typical of several cheguical applications, an
the waste disposal process via incmeration. By analvming two different absorption sohstions, nwaltiple sroups of related thermal decomposttton products wer
wdentified and thewr structures were proposed. These resubs indicated the structural diversity of these thermolyves products, which allowed for proposing
thermal degradation mechamsms. With regards to technical applications, such as PEM fuel cells, these thermally generated Wafion products mav potentially
hander cell performance and Lifetiane. With respect 1o the environment, the prodection of mumerons PFCs, such as PFCAs, during Walion disposal wall
coutribute to pollution on a global scale. Tt is important to note that this study has {dentified a potential source of PFCs, which will continue as 2 class of
emergig POPs representing a long-term challenge fo scientists w the foresecable future. Additonally, this study showed that the LC/EST-MS/MS screaning
methiod 15 a powerful and effective tool for the detatled elumdation of the decomposition mechanisms of the current-use PEMs 1n chemical technologies.

Methods

ED_005565_00005252-00004



Chemicals

Nafion M117 membranes (basic weight: 360g o fypical thickness: 183 pm) were olained from Shanghat Hesen Blectric Co., L4d {Shanghai, Chinay The
chegucal structure 15 presented m Fig. § No pretreatmient was performed on thus miembrane prior o s use. The LOMS orade solvents were used for the
chromatographic separation (water and acetonnrile} and thesmobviic absorption (methanol). Together weith the additve formic actd. they were supphed from
Merck (Darmstadt, Germany) snd uttheed without further pusification. PFCA analoauss {see Fable 52 onhine for their structures) were
obtamned From J&K Chemacal Co., Ltd. {Shanghas, China). Sodunn hvdrosade {NallH), sodmm fuonde (NaF) and sodwwe sulfate (Ma304) were purchased
from Nanjing Chemical Reagent Co. | Led. {Nanjing, China). Agueous solutions were prepared with ultrapure water = 18 2388 om), obtained from a 3l
Plus system (Milhipore, Bedford, MA, USAY.

Thermeogravimetric analysis (TGA)

The thermal stability of N117 was charactenized using a Peddon-Elmer TGA 4000 metnument {Peskiin-Flmer Ine | Wellesley, MA, UBAY TGA test was
conducted wwith a specimen weighting approximately J0mg at a constant heating rate of 20°C min* over a temperature range of 3-5HPC vnder nitrogen
atmosphiere.

Thermelysis procedure

Approximately 0.5 N117 peces were heated i specialized pryrolyass squipment {AF-HC-0%a, Tianpin Aoshan Technology Co , Lid, Tianpm, Chine). The
operating parameters mcludmng the atmosphers, heating temperatures and running tome were set aceording to the tterature’ with 2 slight modsficaton, whil
the related thermaodyais data are ented m § ptary Table 83 online. Specifically
N117 sample was heated m a stanless steel tube at 10°C mun 0 200°C, and then 3°C orin! to §00°C, where the temperature was mamtmned for an
addrtionat 20 minutes, for a total run tune of approcamately 117 mimdes. The products released from N117 thermolvas were absorhed wesnig 6 5L 0 0500l

the atmosphere was air, and flow rate was set as Iml min ~ The

L™ NaOH solution and methanol. Afterwards, Nafion residues were immersed in these solutions and shaken for 20 min for an adeguate products elusion.
These absorption solutions were then filtered through 4.22um membrans fiher, and the fltrate was colleciad for subseguent analvsis.

LC/ESI-MS/MS analysis

HPLC was carrted out on an Agilent Infimry 1260 series 1O system {Agilent Technologies, Santa Clara, CA_ USAY The system was equipped with GI13791
dezasser, G1312B hinary pamp, and G1329B autosanypler. Chromatosraphic separation was performed at a flow rate of 300uL. min™ using a Thermo BDS
Hypearst! Og column {2 mm = 100mm, pasticle siee 2 dprn} (Thermo Fisher Scientific, Walthar, MA) that was mamtamed at 30°%C. The mobile phaze
consisted of 0.3% formie acid in water (A} and acetonurile {B) The linear gradient was umtially 80% A, which was held isocratic for 2 min, decreased o
10% mx 8 mun, which was held ander this condition for 2.5 mun, and returned back to the starting condition 1 8.5 min followed by § min erpubboation. The
ingection volume was 10pl, and alution time was 22 suin for each sample.

Mass spectrometric analysis was performed with a Q-TOF MS (TripleTOF 360, AB Sciex, Concord, ON, Canada) operating in the negative ton mode usin
an electrospray won source. Mass range of TOF MS was sz 30-1000. The ather perameters were set ax follows: curtain gas, 35 {arbitrary umits}; ton spmree
zas 1, 33 {arbsirary wuis); 1on source gas 2, 35 (arbdrary umis), temperature, 250°C; sonspray voltage floating, -4500kY; declustersg potaptial, -80%;
collision energv, — 102V The MBS sxpernnents were conducted tn prodinct 10n scan mede at varmble collision energies (20-302V). The data were
acquired in a data-dependent mode that weed criterta from the previous M5 scan to select the target precursor tons that would be submistted 1o MEDS
fragmentation. The final chemical structure of an nakaown compouad was identified based on the accurate mass measursments of the parent tons and
fragments obtaned from the MSMS experiments. The high-resolution EC-MS/MS data were acguired using Analyvst TF 1.6 (AB Sciex) and processed usis
PealtViow 1.2 {AB Soiex).

Ion chrematography analysis (ICA)

¥ ions released from N117 thenmolyaiz weve studied vsing an ton-chromatography system {F0S-1000, Dhonex, USAS. This system was eqgupped with an
autosampler (injection volume: 25uL), a pump, a degasser, a guard colume, and a separation column (Dionex IonPac AS 124, dmm 1.d » Z200mm, USA)
operating at HI°C. The mobile phase was 20mM KOH and flow rate was set at 1 fml mir*. Data acguisiiion and processing were carried out using
Chronieleon 680 software (DBionex Corporation, Sunnyvale, U4, USAY
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